
FULL PAPER

DOI: 10.1002/ejic.201001014

Bond Activation in Iron(II)-Coordinated Polypodal Phosphane Ligands

Simon-Andreas Gentschow,[a] Stephan W. Kohl,[a] Walter Bauer,*[b] Markus Hummert,[a] and
Andreas Grohmann*[a]

In memory of Herbert Schumann

Keywords: Bond activation / N,P ligands / Iron / NMR spectroscopy / Phosphane ligands

A mononuclear iron(II) complex is readily formed when com-
bining equimolar amounts of iron(II) tetrafluoroborate hexa-
hydrate, the pyridine-derived triphosphane C5H3N{2-
[CMe(CH2PMe2)2]}{6-[CMe2(CH2PMe2)]} (2) and diethyl-
phosphane (Et2PH) in methanol at room temperature. The
chelate ligand is in fact pentadentate, as one of the methyl
groups of the neopentyl-like sidearm engages in a C–H-
bonded contact (agostic interaction) with the metal centre, in
addition to the expected NP3 coordination. The remaining
site of what is a distorted coordination octahedron is occu-
pied by monodentate Et2PH. The autoclave reaction of this
purple complex with CO (10 bar, ethanol solvent, 65 °C)

Introduction

Tetrapodal pentadentate ligands are a recent addition to
the coordination chemist’s toolbox.[1] The ligands are de-
signed to occupy five coordination positions in an octahe-
dral complex, thereby providing a single site for the coordi-
nation of a small monodentate ligand or substrate. De-
pending on the nature of the transition metal and the che-
late ligand, the substrate is set up for transformation reac-
tions, such as reduction,[2] bond cleavage,[3] metathesis[4] or
reductive elimination[5]. In this context, we have been study-

Scheme 1. Solvent-induced P–C bond cleavage in 1 upon complexation to iron(II).
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yields a yellow microcrystalline precipitate, whose analysis
reveals a mixture of two products, in an approximate ratio of
40:1. One of the products is the cis-dicarbonyl complex
[Fe(2)(CO)2](BF4)2 (4), in which the chelate ligand acts as an
NP3 donor, and the other is the monocarbonyl complex of the
tetrapodal pentadentate NP4 ligand 1. The latter ligand is
formed from 2 by incorporation of an additional PMe2 donor,
in what, in effect, is a metal-mediated phosphenium group
transfer. A mechanism is suggested for this reaction. Other
species in the reaction mixture have been identified on the
basis of mass spectra, and the full NMR spectroscopic assign-
ment of complex 4 (1H, 31P, 13C) is reported.

ing the reactivity of iron complexes of the NP4 ligand 1 and
found the ligand to undergo specific P–C bond activation
in nucleophilic solvents such as methanol, which results in
the cleavage of one ligand arm (Scheme 1).[6–9]

A particularly remarkable finding is that bond scission
may be reversed under certain conditions.[6] In an effort to
shed light on the mechanism of (re)formation of a P–C
bond in the coordination sphere of iron(II), we embarked
on a coordination chemical study of the tripodal tetraden-
tate ligand 2 (NP3, which is the chelate ligand remaining

after the breaking of the P–C bond, Scheme 1). The synthe-
sis of the NP3 ligand (Scheme S1, Supporting Information)
starts from 2-ethyl-6-isopropylpyridine and is a sequence of
exhaustive hydroxymethylation and nucleophilic substitu-
tion reactions.[7]

Complex formation of 2 with Fe(BF4)2·6H2O and a co-
ligand occurs readily. When using methyl diethylphosphin-
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Scheme 2. Product mixture (yellow polycrystalline material) isolated from the reaction of 3 with CO in ethanol. The generation of complex
5 requires specific formation of a P–C bond.

ite, Et2P(OMe), as coligand, the expected product is formed
in which the chelate ligand acts as a tetradentate ligand (one
of the methyl groups of the neopentyl monophosphane
sidearm is in agostic interaction with the iron ion)[10] and
Et2P(OMe) is monodentate. There is, however, a second,
minor product (3), which contains diethylphosphane
(Et2PH) as a monodentate ligand.[7] Complex 3, when re-
acted with excess CO in an autoclave (ethanol solvent; 4 h,
65 °C) is transformed into a number of products. Two of
these have so far been isolated (Scheme 2; the identity of
both products has been verified by X-ray crystallogra-
phy):[7] The first is the result of replacement of the agostic
methyl group and the diethylphosphane ligand by two
equivalents of CO (complex 4), and the second is complex
5, which contains the NP4 ligand C5H3N[CMe(CH2-
PMe2)2]2 (1). This is the very ligand which, in the presence
of iron(II) and nucleophilic solvents (such as MeOH,
EtOH, H2O), undergoes specific P–C bond cleavage
(Scheme 1).[6] Ligand 1 is now the product of a P–C bond
forming reaction in the coordination sphere of the iron(II)
ion. If, in the reaction at hand, 1 is generated in an intermo-
lecular process, a second equivalent of complex 3, or an
intermediate into which it is transformed, is expected to
provide the required PMe2 fragment. We have no indication
that the coordinated diethylphosphane ligand in 3 is active
in this reaction. The formation of an NP3P� ligand (three
dimethylphosphanyl residues, one diethylphosphanyl
group) is not observed. The present contribution reports
the direct synthesis of complex 3, undertakes the complete
NMR spectroscopic characterization and assignment (1H,
13C, 31P) of complex 4, and suggests a mechanism for the
formation of complex 5, on the basis of mass spectrometric
results.

Scheme 3. Direct synthesis of complex 3.
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Results and Discussion

The direct synthesis of complex 3, by the reaction of the
NP3 ligand 2 and diethylphosphane with Fe(BF4)2·6H2O in
methanol, proceeds as shown in Scheme 3 (60% yield based
on 2).

Complex 3 is obtained as a purple microcrystalline solid.
The most significant signal in the 1H NMR spectrum (Fig-
ure S1, Supporting Information) is a very prominent and
slightly broadened resonance at high field (δ = –3.72 ppm),
which is characteristic of the methyl group in close (agostic)
contact with the metal centre. The broadening is due to
rotation of the methyl group, which apparently is relatively
slow on the NMR timescale. The three protons of the pyr-
idine ring give rise to an ABC spin system (triplet, doublet,
doublet) between ca. 7.6 and 8.2 ppm. The region between
ca. 0.7 and 2.7 ppm shows the partially overlapping signals
assigned to the six PMe2 groups, the two methyl groups on
the quaternary carbon atoms, the three methylene groups
and the two ethyl groups of the diethylphosphane ligand.
The resonance of the H atom bonded to phosphorus is a
broadened doublet at 4.7 ppm with a coupling constant of
ca. 330 Hz. The proton-coupled 31P NMR spectrum shows
four signals in total. The three signals at ca. 47, 24 and
19 ppm represent the three PMe2 groups of the coordinated
triphosphane 2, and the signal at ca. 40 ppm belongs to the
diethylphosphane ligand. The coupling constant 1J(P–H) is
ca. 330 Hz, in keeping with the 1H NMR result. The inte-
grated intensities of all signals are as expected.

The reaction of complex 3 (as obtained by direct synthe-
sis) with CO (10 bar) in ethanol in an autoclave (4 h, 65 °C)
produces a yellow microcrystalline precipitate. Its spectro-
scopic characterization (1H, 13C, 31P NMR, IR) confirms
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that the material is a mixture of the complexes 4 and 5 (see
Scheme 2). This is especially well illustrated in the 31P
NMR spectrum (Figure S2, Supporting Information),
which has three prominent signals (for the three PMe2

groups of the NP3 ligand 2 of the dicarbonyl complex 4)
and a singlet of lower intensity at δ = 19.26 ppm, for the
four equivalent PMe2 groups of the NP4 ligand of complex
5. The latter assignment is in agreement with the 31P chemi-
cal shift value (δ =19.00 ppm) determined for an authentic
sample of 5, which had previously been obtained by a dif-
ferent route.[6]

The solid-state IR spectrum of the reaction mixture (KBr
disc; Figure S3, Supporting Information) has two strong
signals in the diagnostic region,[14,15] at 2060 and 2015 cm–1,
which we assign to the symmetric and asymmetric CO
stretching modes, respectively, of the cis-dicarbonyl com-
plex 4. The stretching of the CO bond for one carbonyl
ligand lowers its π* orbital energy and thus favours back-
donation from the metal ion. Less electron density is now
available for backdonation into the second CO ligand, and
its CO bond is thus strengthened. Consequently, the simul-

Figure 1. Experimental ESI mass spectrum (top) and simulated spectra (below) of an acetonitrile solution of the yellow product mixture
of complexes 4 and 5 (cf. Scheme 2).
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taneous stretching of two CO bonds in a symmetric fashion
requires a greater input of energy than the asymmetric
stretching mode.[16] The low-frequency band has a shoulder
at 2003 cm–1, which we assume arises from the CO stretch-
ing vibration of the monocarbonyl complex 5. This complex
was previously found to contain a strongly distorted NP4

coordination cap, and a carbonyl band at 1969 cm–1 is re-
ported in its spectrum. The νstr(CO) mode is expected to
depend sensitively on the overall complex geometry, as en-
forced by the solid-state matrix.

Mass spectra (ESI) of an acetonitrile solution of the yel-
low reaction product show four prominent signals for the
dication in 4 (42+, m/z = 241.564), the fragment [42+ – CO]
(m/z = 227.567), the fragment [42+ – 2CO] (m/z = 213.570)
and the acetonitrile adduct [42+ – 2CO + CH3CN] (m/z =
234.083). As is evident from Figure 1, there is excellent
agreement between measured and simulated spectra. Two
low-intensity signals (at m/z = 243.576 and 257.574), again
matched perfectly by simulation (not shown), are assigned
to the dication in 5 (52+) and the fragment [52+ – CO],
respectively. Finally, elemental analysis of the polycrystal-



Bond Activation in Iron(II)-Coordinated Polypodal Phosphane Ligands

line yellow mixture gives CHN values (in%) of 38.76, 5.65
and 2.09, respectively, which are in the range of values cal-
culated for 4 (C 38.40, H 5.52, N 2.13) and 5 (C 38.36, H
6.00, N 2.03).

The complex ion in 4 has quite regular pseudo-octahe-
dral symmetry in the solid state, characterized by bond
angles around iron that are close to 90 and 180°.[7] An
NMR study, which has achieved the complete “ab initio”
assignment of all 1H and 31P signals, indicates that the
structure of the dication in solution does not deviate signifi-
cantly from the solid-state structure. The latter, with the
numbering scheme used in the NMR assignment, is given
in Figure 2.

Figure 2. X-ray structure of the dication in complex 4 and the num-
bering scheme used for the NMR assignment.

The 1H NMR spectrum of 4, both in the 31P-coupled
and 31P-decoupled mode, is shown in Figure 3. The assign-
ment starts from the unique signals of H9, H11 and H13.
The H9 signal is split into a triplet because of equally strong
coupling with P1 and P2. The three H11 protons show no
coupling with P3, owing to a dihedral angle C11–C12–C10–
P3 that is close to 90° (Karplus relationship); the angle is

Figure 3. (a) Phosphorus-coupled and (b) phosphorus-decoupled
1H NMR spectrum of 4 (500 MHz, CD3CN, +25 °C). Only the
aliphatic region is shown (for pyridine signals, see Figure S4b, Sup-
porting Information). Numbers refer to the numbering of the X-
ray structure shown in Figure 2. For assignments, see text. SL =
solvent signal.
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67° in the solid-state structure (Figure 2). By contrast, the
dihedral angle C13–C12–C10–P3 is 177° (solid state), thus
close to the maximum in the Karplus curve. Accordingly,
P3 coupling causes the H13 signal to split into a doublet.

Further assignments are based on the 1H,1H NOESY
spectrum (Figure S4, Supporting Information). The pro-
tons H13 have cross-peaks of approximately equal intensity
with either of those of the diastereotopic protons H10A and
H10B (Figure S4a), consistent with the X-ray structure. The
distance H11–H10A is, however, considerably smaller than
the distance H11–H10B. This explains why only the H11–
H10A cross-peak is found in the NOESY plot, whereas the
H11–H10B cross-peak is missing.

Trivially, there is an intense cross-peak between the
H10A and the H10B signal. A distinction between the dia-
stereotopic methyl groups on P3 (proton sets H18 and H19)
can be made: methyl group H11 is spatially close to H18,
which gives rise to an intense cross-peak between the reso-
nances of these two CH3 groups. The identified methyl
group H18, in turn, shares a cross-peak with methyl group
H19.

The further sequencing continues from methyl group
H19: it has a second, intense cross-peak, which indicates
close proximity, to CH3 protons assigned as H17 (methyl
group bonded to P2, cf. the X-ray structure, Figure 2). The
expected cross-peak H17/H16 is hidden in the diagonal, but
H16 is easily identified by means of the HMQC spectrum
(see below). Methyl group H16, in turn, is close to methyl
group H15, which leads to the cross-peak near the diagonal.
Of the two diastereotopic protons H7A and H7B, H7A is
close to the identified methyl group H15, which leads to
the appropriate cross-peak. The H7A resonance is further
identified by its cross-peak with methyl group H16. Methyl
group H9 has approximately equal distance to protons H7A
and H7B, thus the observed cross-peak does not allow one
to distinguish between H7A and H7B. Likewise, dia-
stereotopic protons H8A and H8B have equal distance to
methyl group H9, which leads to the expected pair of cross-
peaks. A distinction between H8A and H8B can be made
on the basis of the distances of these two diastereotopic
protons from their H7A and H7B counterparts: from the
X-ray structure,[7] the distance H7A–H8B is ca. 2.5 Å
(cross-peak expected), whereas the corresponding distance
H7B–H8A is ca 4.0 Å (no cross-peak expected). Thus, a
cross-peak (albeit weak) identifies the “triplet” at δ =
2.345 ppm to be arising from H8B. Trivially, an intense
cross-peak is found for the geminal and diastereotopic pro-
tons H8B and H8A. An NOE of intermediate strength is
found between methyl group H9 and methyl group H14.
An NOE of similar strength between methyl group H9 and
methyl group H13 is further (and redundant) support of the
assignment of H13. Additional redundant NOEs are found
between methyl group H14 and the diastereotopic CH2 pro-
ton H7B, between methyl groups H13 and H11 and be-
tween methyl groups H14 and H15.

Starting from the assignments of the aliphatic resonance
lines of 4, the assignment of the pyridine signals is straight-
forward (Figure S4b). The observed correlation between H4
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on the pyridine ring and the two sets of methyl hydrogen
atoms H11 and H13 attests to the relative rigidity of the
structure also in solution. In conclusion, there is complete
and unequivocal assignment of all 1H NMR signals of 4.

Figure 4 shows the 31P,1H HMQC spectrum of 4, re-
corded with the delay in the HMQC sequence set for an
optimum 31P,1H coupling constant of 14 Hz (Figure 4a)
and for 5 Hz (Figure 4b). In Figure 4a, pairs of intense
cross-peaks unequivocally identify the 31P resonances of P1,
P2 and P3 through their coupling with the methyl group
pairs bonded to these phosphorus atoms. In addition, P1
shows cross-peaks occurring as a result of 2J coupling with
protons H7A and H7B, as well as a 4J coupling with methyl
group H9. Similarly, the P2 resonance shows 2J coupling
with H8B; the corresponding coupling with H8A is hidden
beneath the intense H16/H17 cross-peaks. In the same way
as P1, the P2 resonance exhibits 4J coupling with methyl
group H9. The P3 resonance shows coupling with H10A
(H10B cross-peak hidden) and 4J coupling with methyl

Figure 4. 31P,1H HMQC (pulsed field gradient, magnitude mode)
spectrum of 4 (500/202 MHz, CD3CN, +25 °C). Numbers in the
1D spectra refer to the numbering of the X-ray structure (see Fig-
ure 2). SL = solvent signal. (a) Delay in pulse sequence set for
J(P,H)opt = 14 Hz. (b) Delay in pulse sequence set for J(P,H)opt =
5 Hz.
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group H13 (but not H11), in agreement with the 1H assign-
ments given above.

Figure 4b is complementary to Figure 4a: here, long-
range 4J couplings are dominant, whereas the larger 2J cou-
plings are missing or are at least strongly suppressed.

An interesting feature can be found in the 1H resonance
line of the diastereotopic protons H7A and H7B. In the 31P-
decoupled proton spectrum (Figure 3b), these two protons
appear as a strongly coupled AB pattern. However, the 31P-
coupled spectrum (Figure 3a) exhibits an “odd” lineshape
for these two protons. The underlying reasons are (i) strong
coupling between H7A and H7B and (ii) additional cou-
pling with P1, P2 and P3. Thus, we are dealing with an
ABXYZ spin system with strong AB coupling. By using the
input matrix given in Table 1, a simulation of the reso-
nances H7A and H7B reproduces the experimental data
with high accuracy (Figure 5). Note that such spectra can-
not be explained on the basis of “first-order rules”.

Table 1. Input parameters for the simulation of the 1H signals of
H7A and H7B in Figure 5.

Nucleus Shift JH7A JH7B JP1 JP2

H7A 2.668
H7B 2.652 15.5
P1 6.300 4.0 18.0
P2 21.098 1.0 1.0 56.0
P3 29.575 0.3 2.8 68.6 48.0

Figure 5. Experimental (above) and simulated (below) 1H signal of
H7A and H7B (numbering based on the X-ray structure assign-
ment, Figure 2). The data that have been used for the simulation
are given in the Experimental Section and in Table 1. H7A, H7B,
P1, P2 and P3 are part of an ABXYZ spectrum, thus explaining
the unsymmetric and “odd” shape of the signal. Analysis by using
first-order rules fails in this case.

Interestingly, H7A and H7B have completely different
coupling constants with respect to the adjacent P1 (4.0 and
18.0 Hz, respectively). The reason for this discrepancy is un-
known.

According to the data of Table 1, it should be expected
that at least the 2.8 Hz coupling between H7B and P3
should manifest itself as a cross-peak in the HMQC plot of
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Figure 4b. In the plot used for illustration, this is not the
case. When cutting at a lower level (not shown), this cross-
peak is, however, detected.

The assignments of P1, P2 and P3 were further corrobo-
rated by a phase-sensitive 31P,31P NOESY spectrum (Fig-
ure 6). From the X-ray structure,[7] the respective P···P dis-
tances are (figures rounded to two significant digits):
P1···P2 3.2 Å, P1···P3 4.6 Å, P2···P3 3.4 Å. Thus, in the
NOESY spectrum, P1 should have an intense cross-peak
with P2 and a weaker cross-peak with P3. The “intermedi-
ate” P2 should exhibit equally intense cross-peaks with P1
and P3, and P3 should show an intense cross-peak with P2
and a weaker cross-peak with P1. When examining the f1

slices shown in Figure 6, these expectations are precisely
met.

Figure 6. 31P,31P NOESY spectrum of 4 (202 MHz, CD3CN,
+25 °C). Numbers P1, P2 and P3 refer to the numbering of the X-
ray structure (Figure 2). The vertical insets are f1 slices taken at
the relevant f2 positions. Note the different cross-peak intensities
(arrows) reflecting the different P···P distances. For assignments,
see text.

With 1H decoupling, the three phosphorus atoms in 4
form an AMX spin system under high-field conditions.
Thus, the splittings can be analyzed by using simple first-
order rules: each resonance line is split into a doublet of a
doublet. As a final proof of the correct assignments of the
respective P,P coupling constants, a phase-sensitive 31P,31P
double quantum-filtered COSY spectrum was recorded
(Figure 7).

The relevant cross-peak sections show, as is usual for this
type of spectra, active couplings as antiphase and passive
couplings as in-phase pairs of cross-peaks. The extracted
magnitudes of the relevant coupling constants are in agree-
ment with the data extracted from the one-dimensional 31P
spectrum (shown in the f1 dimension in Figure 4). In order
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Figure 7. Phase-sensitive 31P,31P double quantum filter COSY spec-
trum of 4; plots of relevant cross-signals. Positive contours are
drawn with more than one level, negative contours are drawn at a
single level. Active couplings are antiphase, passive couplings are
in-phase.

to conclude the assignment of the 31P signals in 4, the ex-
perimental 31P spectrum has been simulated by using the
data given in the Experimental Section and in Table 1 (Fig-
ure 8). The experimentally recorded and simulated traces
are in excellent agreement. Note that the satellites arising
from coupling with 57Fe (I = ½) have been included in the
simulation, denoted by asterisks in Figure 8. Interestingly,
for all three phosphorus atoms P1, P2 and P3, there is a
uniform coupling constant, 1J(31P,57Fe) = 30 Hz.

The NMR study of 4 suggests the solution structure of
the dication to be similar to its solid-state structure, particu-
larly with respect to the juxtaposition of the two methyl
groups C11 and C13 bonded to the quaternary carbon
atom C12. This structure is adopted when two monodentate
ligands (2�CO) combine with the tetradentate NP3 ligand



S.-A. Gentschow, S. W. Kohl, W. Bauer, M. Hummert, A. GrohmannFULL PAPER

Figure 8. Experimental (above) and simulated (below) 31P signals
of 4 (202 MHz, CD3CN, +25 °C). Labels P1, P2 and P3 refer to
the numbering of the X-ray structure (Figure 2). The weak peaks
denoted by asterisks are 57Fe satellites.

to complete the coordination octahedron. When there is
only one monodentate ligand available, such as diethylphos-
phane in complex 3, the NP3 ligand is sufficiently flexible
for one of the methyl groups to come in close contact with
the metal centre. The resulting agostic C–H···Fe interaction
stabilizes what would otherwise be a vacant coordination
site. While the reaction of complex 3 with excess CO pro-
duces the cis-dicarbonyl complex 4 (and, to a minor extent,
the monocarbonyl complex 5, which contains the NP4 li-
gand 1; see below), the same cis-dicarbonyl complex is ob-
tained (as the dibromide salt) upon complexation of the
NP3 ligand 2 with one equivalent of FeBr2 in methanol,
followed by exchange of the bromido ligands for CO in a
subsequent step (Scheme 4). The dibromido complex 6 may
be isolated as a green solid. Its 1H NMR spectrum provides

Scheme 4. Formation of the cis- and trans-dibromido complexes [(2)FeBr2] (6) and [(2)2FeBr2] (8), respectively, depending on the stoichio-
metry of reactants. The dicarbonyl complex 7 may be prepared from 6 by Br–/CO exchange.
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circumstantial evidence that both Br– ions are bonded, as
bromido ligands, to the metal centre, as there is no high-
field signal (around –4 ppm) indicative of a methyl group
in agostic interaction with the central metal. It is note-
worthy that this complex, of composition (NP3)FeBr2, is
diamagnetic, which suggests strong Fe–P bonding, as has
been discussed for a number of complexes of composition
(P2)2FeCl2, where P2 denotes a nonbulky, strongly coordi-
nating diphosphane ligand.[23] If only half an equivalent of
FeBr2 is used in the complexation reaction, two equivalents
of the NP3 ligand will coordinate the metal centre, which
leads to the formation of the trans-dibromido complex
[(2)2FeBr2] (8). A small crop of single crystals was obtained,
and the coordination of NP3 as a bidentate ligand through
the 1,3-diphosphinopropane sidearm (which is expected to
produce a diamagnetic complex, see above) was ascertained
by an X-ray structure analysis (Scheme 4). Bond lengths
and angles in this structure are unexceptional (see Support-
ing Information).

In addition to complex 4, which is the major product, the
reaction of 3 with CO, pressurized and in ethanol solution,
produces a number of other species. Of these, complex 5 is
particularly remarkable for the making of the P–C bond it
requires. Complexes 4 and 5 separate from the reaction mix-
ture as a yellow polycrystalline material. The mass spec-
trum of the remaining mother liquor (ESI; Figure 9) has six
prominent signals in the region 350 � m/z � 550, all of
which are assigned unequivocally on the basis of high-reso-
lution measurements. Two groups of compounds are char-
acterized by a sequential loss of CO. Mass spectra recorded
separately of the gas collected in the headspace of the auto-
clave after reaction show intense signals assigned to diethyl-
phosphane, Et2PH [which is displaced from iron(II) in the
reaction], and diethylphosphane oxide, Et2P(= O)H (which
forms upon aerobic oxidation).
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Figure 9. ESI spectrum of the mother liquor of the reaction of complex 3 with CO (autoclave, ethanol solution).

On the basis of the products identified in the mother
liquor, we suggest the following sequence of reactions lead-
ing, inter alia, to the formation of complex 5 (Scheme 5;
complexes 4 and 5 are formed in a ratio of approximately
40:1): Both the diethylphosphane ligand and the “agostic”
methyl group in 3 are displaced by CO to give the cis-dicar-
bonyl complex 4 as the major product. In what appears to
be a side reaction, complex 3 can also be transformed into
complex 9, which resembles somewhat the P–C bond acti-
vation product obtained from the reaction of the original
NP4 ligand, Fe2+ and the nucleophilic alcohol solvent.[6] In
3, with concomitant deprotonation of the agostic methyl
group, the diethylphosphane ligand is oxidized to ethyl di-
ethylphosphinite (prominent signals for the latter in both
mother liquor and headspace). This latter reaction amounts
to the formal displacement of dihydrogen (H+ + H–), which
may be driven by the formation of formaldehyde from
CO and H2. Complex 9 may undergo the same type of
P–C bond scission to give complex 10, which has an
NP2 ligand coordinated to iron(II), in addition to ethyl
dimethylphosphinite [Me2P(OEt)] and CO. Protonation of
the NP2 residue and formation of the NP2 ligand
C5H3N[CMe2(CH2PMe2)]2 has been observed previously.[7]

We postulate the carbanionic RCH2
– residue in complex 9

to be sufficiently electron-releasing/nucleophilic for two
equivalents of this complex to undergo a dissymetrization
reaction, as shown in Scheme 5, with concomitant transfer
of what formally is a dimethyl phosphenium moiety
(Me2P+) between the two equivalents of complex. This reac-
tivity resembles the mechanism invoked to rationalize the
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transfer of a dimethylphosphanyl residue to a metal-coordi-
nated nucleophilic alkoxide, RO– (R = Me, Et), in the origi-
nal P–C bond cleavage reaction involving the NP4 ligand
1.[6,17,18] From two equivalents of complex 9, the reaction
can thus produce one equivalent of complex 5, which con-
tains the tetrapodal pentadentate NP4 ligand, and one
equivalent of complex 11, which is different from complex
10 only in that it is a dicarbonyl species instead of having
one monodentate P ligand. The presence of the strongly
electron-releasing donor RCH2

– in 9 may favour the forma-
tion of complex 11, which contains the two strongly π-
acidic CO ligands, in this dissymetrization reaction. We are,
however, not aware of a previous example of formal R2P+

transfer to a carbanion in the coordination sphere of a tran-
sition metal.[19] The observed reactivity suggests that the
mother liquor of the reaction, when reacted anew with CO
under pressure, should yield more of the NP4 complex 5,
which has been shown to be the case in a separate experi-
ment.

Conclusions

This study describes the reactivity of a pyridine-derived
triphosphane ligand coordinated to iron(II), in the presence
of nucleophilic alcohol solvent and carbon monoxide. Both
P–C bond scission and formation are observed, depending
on the species participating in the reaction, with formal
transfer of a phosphenium moiety (Me2P+) in both cases.
The PMe2 residue, as part of what initially is the intact che-
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Scheme 5. Suggested sequence of reactions explaining the formation of complexes 5, 9, 10 and 11 (the stereochemistry of some complexes
is uncertain). Two equivalents of 9 are postulated to undergo exchange of a phosphenium moiety (PMe2

+). In addition to 5, the dissymme-
trization reaction generates one equivalent of complex 11. All parent ions have prominent signals (m/z values shown in boxes) in the ESI
mass spectra.

late ligand, appears to become increasingly susceptible to
nucleophilic attack with an increasing number of CO li-
gands (i.e. π acids) in the coordination sphere of iron(II).
Both P–O and P–C bonds are thus formed (giving phos-
phinite and phosphane moieties, respectively), depending
on the reaction conditions. As a reference for future work
aimed at putting the observed reactivity to synthetic use,
one of the complexes was analyzed fully by using a combi-
nation of NMR spectroscopic techniques.

Experimental Section
Materials and Instrumentation: Unless noted otherwise, all reac-
tions were carried out at room temperature in dried solvents under
dry dinitrogen by using standard Schlenk techniques. Diethylphos-
phane was prepared in either of two ways: chlorodiethylphosphane
was reduced to diethylphosphane by using LiAlH4 in diethyl ether
at –78 °C (81% yield)[7,11] or tetraethyldiphosphane disulfide was
generated from thiophosphoryl chloride by reaction with ethylmag-
nesium bromide (THF, –2 °C), followed by reduction with LiAlH4

in diethyl ether.[7,12,13]. Fe(BF4)2·6H2O was purchased from Aldrich
and used without further purification. Carbon monoxide
(99.997 %) was purchased from Air Liquide. IR spectra of solids

www.eurjic.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 556–566564

were measured on KBr discs and assigned on the basis of literature
data.[20] The following instruments were used for spectroscopic
measurements: IR spectroscopy, Nicolet Magna System 750; mass
spectrometry, Varian 311 A and Spektrospin CMS FT-ICR; NMR
spectroscopy, Bruker ARX 200 and Bruker ARX 400. 1H and 31P
NMR spectra of 4: JEOL Alpha500 spectrometer (1H: 500 MHz;
31P: 202 MHz). An inverse 5-mm probe head with actively shielded
gradient coils was employed, with the exception for the 31P,31P
NOESY spectrum shown in Figure 6 (normal 5-mm broadband
probe head). Labels refer to the labelling of the X-ray structure
(Figure 2). 1H NMR spectra are referenced to the residual solvent
signals of methanol and acetonitrile (δ = 1.94 ppm). 31P NMR
spectra were referenced to 80% H3PO4 by using the substitution
method.[21] No corrections for different bulk magnetic susceptibilit-
ies were made; simulations of spectra were carried out with the
software package “gNMR” by P. Budzelaar[22], Version 5.0.6.0,
IvorySoft, formerly distributed by Adept Scientific. The chemical
shifts and coupling constants used for the simulation fits in Fig-
ures 5 and 8 were adjusted manually instead of using the built-in
iteration routine. The 31P,57Fe coupling constant was set to 30.0 Hz
for all three phosphorus atoms P1, P2 and P3. Relative signs of
all coupling constants employed in Figures 5 and 8 are positive
throughout. For the higher-order spectrum of Figure 5, a change in
the relative signs of the 31P,1H coupling constants leads to dramatic
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spectral changes, the relative signs are thus considered correct. For
the first-order 31P spectrum in Figure 8, a change in the relative
signs of the 31P,31P coupling constants has no spectral effect at all.
The true signs are unknown. Elemental analyses were carried out
with a Thermo Finnigan, Flash EA, 1112 Series analyzer.

[Fe(2)(Et2PH)](BF4)2 (3): Diethylphosphane (70 mg, 0.78 mmol,
0.09 mL) was added to a solution of 2 (290 mg, 0.781 mmol) in
ethanol (3 mL), and the mixture stirred for 10 min. A solution of
Fe(BF4)2·6H2O (194 mg, 0.586 mmol, 0.75 equiv.) in ethanol
(3 mL) was added dropwise. A purple solid began to precipitate,
and the suspension was allowed to stir for 45 min. The precipitate
was then filtered, washed with ethanol (3�2 mL) and diethyl ether
(3 �2 mL) and dried in vacuo to yield purple microcrystals
(243 mg, 0.352 mmol, 60%). 1H NMR (200 MHz, [D4]methanol,
r.t.): δ = 8.13 [t, 3J(H,H) = 8.3 Hz, 1 H, py-Hpara], 7.86 [d, 3J(H,H)
= 7.9 Hz, 1 H, py-Hmeta], 7.65 [d, 3J(H,H) = 7.6 Hz, 1 H, py-Hmeta],
4.70 [d, 1J(P,H) = 332 Hz, 1 H, PH], 2.55, 2.48 (m/m, 2 H, CH2),
2.32–2.01 (br., 4 H, 2 �CH2), 2.01–1.82 (m, 6 H, 2 �PCH3), 1.84
(s, 6 H, 2�CCH3), 1.68–1.57 (br., 4 H, 2 �PCH2CH3), 1.39 [t,
3J(H,H) = 10.0 Hz, 6 H, 2�PCH2CH3], 1.34–1.25 (m, 6 H,
2�PCH3), 0.91–0.74 (m, 6 H, 2 �PCH3), –3.73 (s, 3 H, CH3) ppm.
31P NMR (80.95 MHz, [D4]methanol, r.t.): δ = 47.59 (m, PMe2),
40.14 [m, 1J(P,H) = 332 Hz, Et2PH], 23.59 (m, PMe2), 18.92 (m,
PMe2) ppm. 13C NMR (160.64 MHz, [D4]methanol, r.t.): δ =
170.87 (s, py-Cortho), 169.12 (s, py-Cortho), 142.46 (s, py-Cpara),
124.43 (s, py-Cmeta), 123.99 (s, py-Cmeta), 45.41 (s, CCH3), 44.30 (s,
CCH3), 43.45 (m, CH2), 38.04 (m, CH2), 37.83 (m, CH2), 32.20
(m, PCH2CH3), 29.88 (m, PCH2CH3), 28.52 (m, CCH3), 26.64 (m,
CCH3), 24.66 (m, CCH3), 21.17 (m, PCH3), 18.74 (m, PCH3), 18.48
(m, PCH3), 16.64 (m, PCH3), 16.01 (m, PCH3), 13.58 (m, PCH3),
12.28 (m, PCH2CH3), 12.22 (m, PCH2CH3) ppm.
C23H47B2F8FeNP4 (690.97 g/mol): calcd. C 39.98, H 6.86, N 2.03;
found C 40.05, H 6.44, N 1.94.

[Fe(2)(CO)2](BF4)2 (4) and [Fe(1)CO](BF4)2 (5): A suspension of 3
(125 mg, 0.181 mmol) in ethanol (8 mL) was treated with CO
(10 bar) in an autoclave at 65 °C for 4 h. During the reaction, the
colour of the solid changed from purple to yellow. The suspension
was transferred to an empty flask, and the solution removed by
syringe. The remaining yellow solid was washed with diethyl ether
(2 �3 mL) and dried in vacuo (105 mg). Subsequent analysis
showed it to be a mixture of compounds 4 and 5 in a ratio of
approximately 40:1 [the yields of 4 and 5 with respect to the
amount of 3 employed in the reaction are thus approximately
0.156 mmol or 86% (4) and 0.004 mmol or 2% (5)]. Isothermal
diffusion of diethyl ether into a solution of the material in acetoni-
trile gave a small crop of single crystals of 4.

Data for compound 4: 1H NMR (500 MHz, [D3]acetonitrile, r.t.):
δ = 8.01 [dd, 3J(H,H) = 7.9, 3J(H,H) = 7.9 Hz, 1 H, H3], 7.92 [d,
3J(H,H) = 7.9 Hz, 1 H, H4], 7.84 [d, 3J(H,H) = 7.9 Hz, 1 H, H2],
2.77 [ddd, 2J(H10A,H10B) = 15.6, 2J(H10A,P3) = 17.7,
4J(H10A,P1) = 4.3 Hz, 1 H, H10A], 2.67 [non-first-order multiplet,
2J(H7A,H7B) = 15.5, 2J(H7A,P1) = 4.0, 4J(H7A,P2) = 1.0,
4J(H7A,P3) = 0.3 Hz, 1 H, H7A], 2.65 [non-first-order multiplet,
2J(H7B,H7A) = 15.5, 2J(H7B,P1) = 18.0, 4J(H7B,P2) = 1.0,
4J(H7B,P3) = 2.8 Hz, 1 H, H7B], 2.34 [dd, 2J(H8B,H8A) = 15.3,
2J(H8B,P2) = 15.3 Hz, 1 H, H8B], 2.15 [d, 2J(H18,P3) = 9.5 Hz, 3
H, H18], 2.03 [dd, 2J(H19,P3) = 10.7, 4J(H19,P1) = 1.5 Hz, 3 H,
H19], 2.00 [d, 2J(H10B,H10A) = 15.6 Hz, 1 H, H10B], 1.98 [d,
2J(H8A,H8B) = 15.3 Hz, 1 H, H8A], 1.97 [d, 2J(H16,P2) = 9.8 Hz,
3 H, H16], 1.88 [d, 2J(H17,P2) = 11.0 Hz, 3 H, H17], 1.85 (s, 3 H,
H11), 1.82 [dd, 2J(H15,P1) = 10.4, 4J(H15,P3) = 0.9 Hz, 3 H, H15],
1.68 [dd, 4J(H9,P1) = 4J(H9,P2) = 3.1 Hz, 3 H, H9], 1.36 [d,
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4J(H13,P3) = 3.4 Hz, 3 H, H13], 1.24 [dd, 2J(H14,P1) = 9.8,
4J(H14,P2) = 0.9 Hz, 3 H, H14] ppm. 31P{1H} NMR (202 MHz,
[D3]acetonitrile, r.t.): δ = 29.57 (dd, J = 48.0 Hz, 68.6 Hz, P3), 21.10
(dd, J = 56.0 Hz, 48.0 Hz, P2), 6.30 (dd, J = 56.0 Hz, 68.6 Hz, P1)
ppm. 13C NMR (100.64 MHz, [D3]acetonitrile, r.t.): δ = 207.99 (m,
CO), 206.13 (m, CO), 180.27 (s, py-Cortho), 172.82 (s, py-Cortho),
140.91 (s, py-Cpara), 125.82 (s, py-Cmeta), 124.70 (s, py-Cmeta), 45.15
(s, CCH3), 44.34 (s, CCH3), 38.10 (m, CH2), 37.32 (m, CH2), 36.43
(m, CH2), 35.35 (m, CCH3), 32.10 (m, CCH3), 29.68 (m, CCH3),
21.04 (m, PCH3), 19.12 (m, PCH3), 18.90 (m, PCH3), 18.50 (m,
PCH3), 17.38 (m, PCH3), 14.47 (m, PCH3) ppm. IR (KBr): ν̃ =
2060 (vs, CO), 2015 (vs, CO), 1083 (vs, BF4

–) cm–1. ESI-MS: m/z
(%) = 241.564 (25) [M]2+, 227.567 (42) [M – CO]2+, 213.570 (100)
[M – 2 CO]2+. C21H36B2F8FeNO2P3 (656.89): calcd. C 38.40, H
5.52, N 2.13; found C 38.76, H 5.65, N 2.09.

Data for compound 5: 1H NMR (400 MHz, [D3]acetonitrile, r.t.):
δ = 7.72 (br., 1 H, py-Hpara), 8.08 (br., 2 H, py-Hmeta), 2.59–2.40
(br., 8 H, CH2), 1.63–1.50 (br., 24 H, PCH3), 1.47 (s, 6 H, CCH3)
ppm. 31P NMR (161.97 MHz, [D3]acetonitrile, r.t.): δ = 19.26 (s,
4 �PMe2) ppm. 13C NMR (100.64 MHz, [D3]acetonitrile, r.t.): δ =
207. 85 (m, 1 C, CO), 168.35 (s, 2 C, py-2 �Cortho), 142.16 (s, 2 C,
2�py-Cmeta), 126.43 (s, 1 C, 2 �py-Cpara), 45.74 (s, 2 C, 2 �CCH3),
44.00 (s, 4 C, 4 �CH2), 34.76 (s, 2 C, 2 � CCH3), 18.15 (m, 8 C,
8�PCH3) ppm. ESI-MS: m/z (%) = 257.573 (5) [M]2+, 227.567 (4)
[M – CO]2+. C22H41B2F8FeNOP4 (688.92): calcd. C 38.36, H 6.00,
N 2.03; found C 38.76, H 5.65, N 2.09.

[Fe(2)Br2] (6): A solution of FeBr2 (182 mg, 0.844 mmol) in meth-
anol (3 mL) was added to a solution of 2 (330 mg, 0.880 mmol) in
methanol (10 mL). The colour of the solution changed to dark
green. The mixture was left to stir overnight, after which time a
light green solid precipitated. The solid was filtered and dried in
vacuo to yield a light green powder (342 mg, 0.582 mmol, 69%).
1H NMR (200 MHz, [D2]dichloromethane, r.t.): δ = 7.94 (br., 1 H,
py-Hpara), 7.88 (br., 1 H, py-Hmeta), 7.84 (br., 1 H, py-Hmeta), 2.32
(br., 6 H, CH2), 1.88 (s, 3 H, CH3), 1.77 (br., 3 H, CH3), 1.36 (br.,
3 H, CH3), 1.05 (br., 9 H, PCH3), 0.75 (br., 9 H, PCH3) ppm, no
signal in the negative ppm range. 31P{1H} NMR (80.95 MHz, [D2]-
dichloromethane, r.t.): δ = 50.14 (m, 1 P, PMe2), 27.57 (m, 1 P,
PMe2), 16.51 (m, 1 P, PMe2) ppm. IR (KBr): ν̃ = 372 (s, Fe–Br),
352 (s, Fe–Br) cm–1.

[Fe(2)(CO)2]Br2 (7): CO was passed into a solution of 6 (150 mg,
0.255 mmol) in dichloromethane (5 mL) for 3 min. The mixture
was left to stir overnight under CO atmosphere, after which time
the colour of the solution changed from green to orange. The sol-
vent was removed by distillation to yield an orange solid. 1H NMR
(200 MHz, [D2]dichloromethane, r.t.): δ = 7.98 [dd, 3J(H,H) = 7.8,
3J(H,H) = 7.8 Hz, 1 H, H3], 7.90 [d, 3J(H,H) = 7.8 Hz, 1 H, H4],
7.81 [d, 3J(H,H) = 7.8 Hz, 1 H, H2], 2.79 (m, 1 H, H10A), 2.70 (1
H, H7A), 2.65 (m, 1 H, H7B), 2.32 (m, 1 H, H8B), 2.18 (br., 3 H,
H18), 2.03 (br., 3 H, H19), 1.98 (br., 1 H, H10B), 1.98 (br., 1 H,
H8A), 1.94 [d, 2J(H16,P2) = 9.8 Hz, 3 H, H16], 1.86 [d, 2J(H17,P2)
= 11.0 Hz, 3 H, H17], 1.80 (s, 3 H, H11), 1.79 (m, 3 H, H15), 1.67
(m, 3 H, H9), 1.33 [d, 4J(H13,P3) = 3.3 Hz, 3 H, H13], 1.19 (m, 3
H, H14) ppm. 31P{1H} NMR (80.95 MHz, [D2]dichloromethane,
r.t.): δ = 29.77 (dd, J = 49.0 Hz, 68.8 Hz, P3), 22.10 (dd, J =
55.0 Hz, 48.5 Hz, P2), 6.35 (dd, J = 57.2 Hz, 68.7 Hz, P1) ppm.
13C NMR (50.32 MHz, [D2]dichloromethane, r.t.): δ = 215.97 (m,
CO), 213.13 (m, CO), 180.87 (s, py-Cortho), 173.42 (s, py-Cortho),
139.89 (s, py-Cpara), 125.45 (s, py-Cmeta), 123.70 (s, py-Cmeta), 45.77
(s, CCH3), 44.39 (s, CCH3), 37.90 (m, CH2), 38.30 (m, CH2), 35.44
(m, CH2), 35.39 (m, CCH3), 31.90 (m, CCH3), 30.01 (m, CCH3),
20.14 (m, PCH3), 19.52 (m, PCH3), 18.94 (m, PCH3), 18.62 (m,
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PCH3), 17.10 (m, PCH3), 14.50 (m, PCH3) ppm. IR (KBr): ν̃ =
1962 (vs, CO), 1927 (vs, CO) cm–1.

[Fe(2)2Br2] (8): A solution of FeBr2 (90 mg, 0.418 mmol, 0.5 equiv.)
in methanol (3 mL) was added to a solution of 2 (315 mg,
0.840 mmol) in methanol (5 mL). The solution changed its colour
to green and was left to stir overnight. Isothermal diffusion of di-
ethyl ether into the solution gave a small crop of single crystals of
8. Crystal-structure determination: X-ray diffraction intensity data
for 8 was collected on an Oxford Diffraction Xcalibur S Sapphire
diffractometer. The structure was solved by direct methods
(SHELXS-97). All non-hydrogen atoms were refined anisotropi-
cally. Bond lengths and angles, as well as crystallographic data are
given in the Supporting Information. CCDC-791001 (8) contains
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Scheme describing the synthesis of the triphosphane 2; 31P-
coupled 1H NMR spectrum and 1H-coupled 31P NMR spectrum
of 3, 31P NMR spectrum and IR spectrum (detail) of the reaction
mixture containing complexes 4 and 5, 1H,1H NOESY spectrum
(phase-sensitive) of 4, table of bond lengths and angles in 8 and
selected crystallographic data for 8 are presented.
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